Carotenoid Extraction, Isolation, and Identi cation
The carotenoids were repeatedly extracted from carapace, head, and muscle of the prawn with acetone until the extract became colorless. They were then transferred to nhexane: Et 2 O 1:1, v/v by addition of water. The n-hexane: Et 2 O phase was washed with water and dehydrated on anhydrous sodium sulphate. The total carotenoid amount were calculated using coefficient of E 1 cm 2100 at λ max 470 nm 7 . Then the extract was evaporated to dryness.
The residue was dissolved in acetone: n-hexane 2:8, v/v and subjected it to HPLC on silica gel with acetone: n-hexane 2:8, v/v . Six peaks yellow xanthophylls esters retention time 3.8 min , astaxanthin poly unsatulated fatty acid diesters retention time 4.1 min , astaxanthin fatty acid diesters retention time 4.3 min , astaxanthin poly unsatulated fatty acid monoesters retention time 6.2 min , astaxanthin fatty acid monoesters retention time 7.0 min , and astaxanthin retention time 12.6 min were obtained.
The identification of individual carotenoids was carried out using our routine method 8 . The UV-VIS spectra were recorded with a Hitachi U-2001 spectrophotometer Hitach Field Navigator, Tokyo, Japan in ether. The LC/MS analysis of carotenoids was carried out using a Waters Xevo G2S Q TOF mass spectrometer Waters Corporation, Milford, CT, USA equipped with an Acquity UPLC system. The electrospray ionization ESI time-of-flight TOF MS spectra were acquired by scanning from m/z 100 to 1,500 with a capillary voltage of 3.2 kV, cone voltage of 40 eV, and source temperature of 120 . Nitrogen was used as a nebulizing gas at a flow rate of 30 L/h. MS/MS spectra were measured with a quadrupole-TOF MS/MS instrument with argon as a collision gas at a collision energy of 30 V. UV-VIS absorption spectra were recorded from 200 to 600 nm using a photodiode-array detector PDA . An Acquity 
RESULTS AND DISCUSSION
3.1 Accumulation of administered carotenoids in the prawn The prawns in all experimental groups grew normally. The average body weight of the prawns increased from 3.5 to 13.0 g during the 8 weeks of the feeding experiment. There were no differences in the growth rate between the experimental groups.
The total amounts of carotenoid, astaxanthin disester, astaxanthin monoester, astaxanthin, and yellow xanthophylls in the carapace of prawns receiving PANAFERD-AX ® were increased dose-dependently as shown in Fig. 1 .
PANAFERD-AX ® contained not only 3S,3 S -astaxanthin 70 of the total carotenoid but also 3S -adonirubin 21 , canthaxanthin 3 , 3S,3 R -adonixanthin 2 , and 3S -3-hydroxyechinenone etc. 4 as minor carotenoids. In the present investigation, adonirubin, canthaxanthin, adonixanthin, and 3-hydroxyechinenone were not found in the prawn. Adonirubin, canthaxanthin, and 3-hydroxyechinenone are known biosynthetic and metabolic intermediates of β-carotene to astaxanthin 1, 2, 5, 6 . Similarly, adonixanthin is an intermediate during the metabolism of zeaxanthin to astaxanthin 1, 2, 5, 6 . Therefore, these intermediate carotenoids were considered to be oxidatively metabolized to astaxanthin in the prawn 1, 2 . Furthermore, contents of yellow xanthophylls were also dose-dependently increased by the administration of PANAFERD-AX ® , as shown in Fig. 1 and Table 1 . These results indicated that these yellow xanthophylls were metabolized from astaxanthin in the prawn. Similar results as carotenoid content of carapace were obtained in the cases of muscle and head. Namely, total carotenoid content in head of control group, Ast 25, Ast 50, and Ast 100 were 6.0 1.1 μg/g, 9.9 1.7 μg/g, 11.8 1.7 μg/g, and 16.7 2.5 μg/g, respectively. Total yellow xanthophylls content in head of control group, Ast 25, Ast 50, and Ast 100 were 1.2 0.3 μg/g, 1.8 0.5 μg/g, 2.2 0.4 μg/g, and 3.0 0.5 μg/g, respectively. Similarly, total carotenoid content in muscle of each experimental group were as follows, control group 7.7 1.1 μg/g , Ast 25 17.8 1.7 μg/ g , Ast 50 18.3 2.2 μg/g , and Ast 100 42.0 2.5 μg/g . Total yellow xanthophylls content in muscle of each experimental group were as follows, control group 1.1 0.8 μg/ g , Ast 25 2.4 0.7 μg/g , Ast 50 2.8 0.8 μg/g , and Ast 100 5.8 1.0 μg/g . Cont: control group, Ast 25: contained 25 ppm astaxanthin to control diets, Ast 50: contained 50 ppm astaxanthin to control diets, Ast 100: contained 100 ppm astaxanthin to control diets. Others: β-carotene other minor carotenoids, Yellow-Xan-est: Yellow xanthophylls 1-5 esters, Asta-diest: Astaxanthin diester, Ast-monoest; Astaxanthin monoester, Ast; Astaxanthin. Each experimental group consisting 16 specimens of prawns. Error bars indicate standard division of total carotenoid content in each experimental group n 16 . Different small letters indicate significant differences of total carotenoid content in each experimental group p 0.05 . The data were analyzed by one-way ANOVA, followed by the Tukey-Kramer test and the paired Student s t-test.
Racemization of administered astaxanthin in the prawn Schiedt et al.
10, 11 demonstrated the racemization of 3S,3 S -astaxanthin in the prawn in a radioisotope-labeling experiment using 3 H -labeled astaxanthin. Namely, 3 H -labeled 3S,3 S -astaxanthin was converted to 3R,3 R -, meso -, and 3S,3 S -isomers at an approximate ratio of 1:2:1 in this prawn.
The amounts of 3R,3R -, meso -, and 3S,3 S -astaxanthin in the control group and 100 ppm astaxanthin-administered group in the carapace of the prawn are shown in Table 2 . As the results, not only the amount of 3S,3 Sastaxanthin but also those of meso -and 3R,3 R -astaxanthin were increased by the administration of 100 ppm 3S,3 S -astaxanthin. This indicated that a part of 3S,3 Sastaxanthin ingested by the prawn was converted to meso -and 3R,3 R -astaxanthin, as reported by Schiedt et al. 10, 11 
Structures of yellow xanthophylls
Yellow xanthophylls obtained from the prawn were esterified with fatty acids. Therefore, the yellow xanthophyll fraction was saponified with 5 KOH/MeOH and submitted for preparative HPLC. Five yellow xanthophylls, including two new compounds, were obtained. These spectral data were in agreement with 6S,6 Sisoastaxanthin 4,4 -dihydroxy-ε,ε-carotene-3.3 -dione reported by Schiedt et al. 10, 11 . Therefore, this carotenoid was identified as 6S, 6 S -isoastaxanthin 1 . The yellow carotenoid 4 , with a molecular formula of C 40 H 60 O 4 , showed absorption maxima at 419, 439, and 468 nm. UV-VIS, ESI TOF MS, and 1 H NMR data on this carotenoid were identical to those of 3S,4R,5S,6S,3 S,4 R,5 S,6 S -tetrahydroxypirardixanthin 5,6,5 ,6 -tetrahydro-β,β-carotene-3,4,3 ,4 -tetraol isolated from the spindle shell Fushinus perplexus 13 . On the other hand, this compound showed a mirror image of the CD spectrum in comparison with 3S,4R,5S,6S,3 S,4 R,5 S,6 S -tetrahydroxypirardixanthin 13 . Namely, 3S,4R,5S,6S,3 S,4 R,5 S,6 S -tetrahydroxy-pirardixanthin showed a positive maximum Δε 4.0 at 263 nm 13 While, this compound showed a negative maximum Δε 4.0 at 263 nm. This clearly indicated that this compound was the enantiomer of 3S,4R,5S,6S,3 S,4 R,5 S,6 S -tetrahydroxypirardixanthin. Therefore, 3R,4S,5R,6R,3 R,4 S,5 R,6 R stereochemistry was assigned for this compound. These results are in agreement with those reported by Schiedt et al. 10, 11 However, detailed spectral data on 3R,4S,5R,6R,3 R,4 S,5 R,6 R -tetrahydroxypirardixanthin have not been reported 14 . Therefore, UV-VIS, ESI TOF MS, 1 H NMR, and CD spectral data of this compound are described in this manuscript for the Table 1 C o n t e n t s μ g / g o f t o t a l y e l l o w x a n t h o p h y l l s , i s o a s t a x a n t h i n 1 , 5,6-dihydropenaeusxanthin 2 , penaeusxanthin 3 , tetrahydropirardixanthin 4 , and crustaxanthin 5 in the carapace of the each experimental group of the prawn.
Exp. Group
Total Y. X. This was also confirmed by COSY and NOESY experiments. The relative stereochemistry of this compound was confirmed by NOESY correlation data, as shown in Fig. 2 . From these spectral data, the structures of this carotenoid was determined as 3,4,4 -trihydroxy-β,ε-caroten-3 -one with 3,4-cis-configuration, and this carotenoid was named penaeusxanthin. The CD spectrum of this compound was almost similar to the additive CD spectra of 3R,4S,3 R,4 Scrustaxanthin 5 and 6S, 6 S -isoastaxanthin 1 with half intensity, as shown in Fig. 3 . According to the additive rule of CD spectra of carotenoid 8, 15 , the 3R,4S,6 S configuration was postulated for this compound. Fig. 2 . From these spectral data, the structure of this carotenoid was determined to be 5,6-dihydro-3,4,4 -trihydroxy-β,ε-caroten-3 -one with 3,4-cis-configuration. This structure corresponded to the 5,6-dihydro derivative of penaeusxanthin 3 described above. Therefore, this compound was named 5,6-dihydropenaeusxanthin 2 . The CD spectrum of this compound was almost similar to the additive CD spectra of 3R,4S,5R,6R,3 R,4 S,5 R,6 R -tetrahydroxypirardixanthin 4 and 6S, 6 S -isoastaxanthin 1 with half intensity, as shown in Fig. 3 . According to the additive rule of CD spectra of carotenoid 8, 15 , the 3R,4S,5R,6R,6 S configuration was postulated for this compound.
3.4 Metabolism of astaxanthin to yellow xanthophylls in the prawn A carotenoid feeding experiment using a radioisotope-labeled compound in the prawn revealed that β-carotene was oxidatively metabolized to astaxanthin through echinenone, canthaxanthin, and adonirubin 1, 2 10, 11 .
In the present investigation, we isolated a series of yellow xanthophylls, isoastaxanthin 1 , 5,6-dihydropenaeusxanthin 4 , penaeusxanthin 3 , tetrahydroxypirardixanthin 2 , and crustaxanthin 5 , from the prawn. The amounts of these yellow xanthophylls were increased by the administration amount of astaxanthin dose-dependently, as shown in Table 1 . Therefore, these yellow xanthophylls were considered to be metabolites of astaxanthin.
As reported by Schiedt et al. 10, 11 , the chiral conversion of administered 3S,3 S -astaxanthin was observed in the present investigation, as described above. Chiral conversion at the 3 3 -hydroxy group in astaxanthin could be explained by the presence of isoastaxanthin 1 , having a 3-keto-4-hydroxy-ε-end group, as an intermediate. Namely, the 3 3 -hydroxy group in astaxanthin was oxidized once to a carbonyl group with double-bond translation from C5-C6 C5 -C6 to C4-C5 C4 -C5 to form isoastaxanthin 1 . Then, the 3-keto-4-hydroxy-ε-end group in isoastaxanthin 1 was reversibly converted to the 3-hydroxy-4-keto-β-end group to form astaxanthin. Another possible mechanism of astaxanthin racemization is keto-enol tautomerization of the 3 3 -hydroxy group, as shown in Fig.  4 . Through these conversions, the chirality of the 3 3 -hydroxy group of astaxanthin could be converted.
Furthermore, a series of yellow xanthophylls with a 3R,4S -3,4-dihydroxy-β-end group penaeusxanthin 2 and crustaxanthin 5 and 3R,4S,5R,6R -5,6-dihydro-3,4-dihydroxy-β-end group 5,6-dihydropenaeusxanthin 2 and tetrahydroxypirardixanthin 4 could be considered as metabolites of isoastaxanthin 1 . Namely, the 3-keto-4-hydroxy-ε-end group in isoastaxanthin 1 was stereoselectively converted to the 3R,4S -3,4-dihydroxy-β-end group with reduction of the carbonyl group at C-3 and doublebond translation from C4-C5 to C5-C6 to form penaeusxanthin 3 and crustaxanthin 5 . Then, reduction of the doubl-bond at C5-C6 to a single bond in penaeusxanthin 3 and crustaxanthin 5 formed 5,6-dihydropenaeusxanthin 2 and tetrahydroxypirardixanthin 4 , as shown in Fig. 3 . Therefore, isoastaxanthin 1 , with a 3-keto-4-hydroxy-ε-end group, was considered as a key intermediate for the racemization of astaxanthin and reductive metabolism of astaxanthin in the prawn.
CONCLUSION
Not only the amounts of astaxanthins astaxanthin diester, astaxanthin monoester, and free astaxanthin but also the amounts of yellow xanthophylls, isoastaxanthin 1 , 5,6-dihydropenaeusxanthin 2 , penaeusxanthin 3 , tetrahydroxypirardixanthin 4 , and curstaxanthin 5 , were dose-dependently increased with the administration of PANAFERD-AX ® as source of 3S,3 S -astaxanthin.
Based on the results of the present investigation, the reductive metabolic pathways of astaxanthin to these yellow xanthophylls in the prawn can be proposed, as shown in Fig. 4 .
